The 'adaptive modulation hypothesis' predicts that activity of digestive enzymes should match the amount of their substrates in diet. Interestingly, many passerine birds do not adjust the activity of intestinal carbohydrases to dietary carbohydrate content. It is difficult to assess the generality of this rule, because in some studies passerines fed on low-carbohydrate and high-lipid diet showed reduced activity of intestinal carbohydrases. However, as carbohydrase activity may be inhibited by high dietary lipid content, it is unclear whether observed effects reflected lack of induction by the low carbohydrate levels or suppression by the high lipid levels. Here, we isolated the specific effects of dietary carbohydrate and lipid on carbohydrases. We hand-fed house sparrow nestlings on diets with 25% starch and 8% lipid (diet HS), no starch and 20% lipid (HL), or 25% starch and 20% lipid (HSL). Our results show that activity of intestinal carbohydrases is simultaneously induced by dietary carbohydrates and decreased by dietary lipid, although the latter effect seems stronger. Activities of maltase and sucrase summed over the total intestine decreased in the order HS>HSL>HL. We observed a complex interaction between diet composition and intestinal position for mass-specific activity of these enzymes, suggesting site-specific responses to changes in digesta composition along the intestines caused by digestion and absorption. We re-interpret results of earlier studies and conclude that there is no unequivocal example of adaptive modulation of intestinal carbohydrases by dietary carbohydrate in adult passerine birds, whereas the present experiment confirms that nestlings of at least some species possess such capacity.
INTRODUCTION
Morphology and physiology of the gastrointestinal tract show several adaptations to different food types, habitats and life strategies (reviewed in Karasov and Hume, 1997; Starck and Wang, 2005; Karasov and Martinez del Rio, 2007; Karasov et al., 2011) . Presumably, any unnecessary spare digestive capacity involves costs of maintaining excess organs or enzymes. In contrast, insufficient digestive capacity could allow some energy and nutrients to escape the gastrointestinal tract unutilized. Thus, natural selection is expected to match capacity of the digestive system to animals' needs and conditions. This can be especially true for intestinal digestive enzymes that play a key role in food hydrolysis, but at the same time must share limited space in intestinal epithelium. The 'adaptive modulation hypothesis' predicts that the activity of digestive enzymes should be matched to relative levels of their dietary substrates (Karasov and Diamond, 1988) .
The avian digestive system is characterized by high phenotypic flexibility to cope with high energetic costs and physical constraints of flight, rapid growth rate or long migration (reviewed in McWhorter et al., 2009 ). Many bird species have variable diet or show ontogenetic or seasonal switches in their food habits. Thus, it is reasonable to expect that birds should be able to adjust activity of their intestinal digestive enzymes to diet composition. However, the pattern that emerges from previous studies is that in adult passerine birds, there is an inter-specific correlation between diet composition and activity of intestinal carbohydrases, but not proteases Ramirez-Otarola et al., 2011) , whereas on an intra-specific level adult passerines are able to adjust activity of intestinal proteases to diet composition, but not carbohydrases (reviewed in McWhorter et al., 2009) . In contrast, adult galliforms and anseriforms seem able to modulate activity of their carbohydrases but usually do not modulate proteases (McWhorter et al., 2009) .
Described patterns suggest the presence of fundamental, phylogenetic differences in the strategy for flexibility of intestinal enzyme activities in birds. However, two studies on passerine birds -adult pine warblers (Dendroica pinus) (Levey et al., 1999) and nestling house sparrows (Passer domesticus) (Brzęk et al., 2009; Brzęk et al., 2011 ) -found significant, adaptive modulation of maltase activity by dietary carbohydrates. This is particularly puzzling because neither adult yellow-rumped warblers (Dendroica coronata, a congener of the pine warbler) (Afik et al., 1995) nor adult house sparrows (Caviedes-Vidal et al., 2000) show such flexibility. However, both mentioned studies manipulated the contents of both carbohydrate and lipids in the diet. In laboratory rodents, high levels of dietary lipids decrease activity of carbohydrases (McCarthy et al., 1980; Takase and Goda, 1990; Goda and Takase, 1994) , and there is evidence of this in adult house sparrows (Caviedes-Vidal et al., 2000) , but this effect has never been carefully tested in birds. Because of different dietary lipid content, the enzyme flexibility observed in adult pine warblers and young house sparrows could be explained by an increase in activity of carbohydrases by carbohydrates in birds fed on high carbohydrate/low lipid diet ('induction by starch'), by a decrease in activity of carbohydrases by lipids in birds fed on low carbohydrate/high lipid diet ('inhibition by lipid'), or by a combination of both mechanisms (compare Goda and Takase, 1994; Goda et al., 1995) .
The goal of the present experiment was to isolate the specific effects of dietary carbohydrate and of dietary lipid on carbohydrase activities in nestlings of the house sparrow (Passer domesticus L.). Young house sparrows show a gradual increase in the consumption of high-starch dietary items (e.g. seeds) during ontogeny (Anderson, 2006) , which is accompanied by a simultaneous increase in the activity of pancreatic and intestinal enzymes involved in the digestion of starch (Caviedes-Vidal and Karasov, 2001; Brzęk et al., 2009; Brzęk et al., 2011; Brzęk et al., 2013) . We hand-fed young house sparrows under laboratory conditions on three diets: highstarch and low-lipid (hereafter referred to as HS), starch-free and high-lipid (HL), and a diet that combined the starch content of diet HS with the lipid content of diet HL (hereafter HSL). By comparing enzyme activity in house sparrow nestlings raised on these diets, we could distinguish between both hypotheses explaining the effect of high carbohydrate-low lipid diet on carbohydrases (Fig.1) . If activity of carbohydrases is induced by higher starch content, then we should observe that birds fed on diet HSL should have a higher activity of these enzymes than birds fed on diet HL with the same lipid content but without starch. However, if the activity of carbohydrases is reduced by high lipid content, we predict that birds fed on diet HSL should have lower activity of these enzymes than birds fed on diet HS with the same starch content but lower lipid content.
MATERIALS AND METHODS Animal maintenance and experimental treatments
Two experimental groups used in the present experiment were part of the study described in our previous paper , and methods used in the present experiment are identical as those described there, which were in turn based on methods used in Brzęk et al. (Brzęk et al., 2009 ). Briefly, 3-day-old house sparrow nestlings (day 0=day of hatch) were collected in May-July 2008 from natural nests located on the campus of the University of Wisconsin, Madison, and housed individually in our laboratory. Nestlings were hand-fed using three synthetic diets. One group of nestlings was fed a starchfree and high-lipid diet (HL), intended to mimic insects consumed by very young house sparrows, and another group was fed a starchcontaining diet (HS), intended to mimic the mixture of insects and seeds typical of older nestlings (see Table1 for their compositions). These two groups are the same as nestlings dissected in day 12 in our previous study . HL and HS diets were referred to, respectively, as '0' and '+' in our previous papers (Brzęk et al., 2009; Brzęk et al., 2011) , but in the present study we assigned them new abbreviations that better explain differences between diets. In the present experiment, we added a third group of nestlings that were raised together with the two others groups but were fed a diet that combined the starch content of the HS diet and lipid content of the HL diet (hereafter referred to as HSL; Table1). To control for nest effect, when more than one nestling was collected from the same natural nest, individuals were randomly assigned to different experimental diets. The sample size was 9 in all three groups. In comparison to previously described feeding techniques (Brzęk et al., 2009) , hourly meal sizes offered to nestlings on days 3-5 were increased to 0.4, 0.55 and 0.65g, respectively. Food intake did not differ between the three treatment groups over the entire experimental period (ANOVA, P=0.3).
When nestlings reached day 12, they were killed with CO 2 , and dissected to remove and weigh the intestines, gizzard, liver, pancreas and pectoral muscles. Intestines were flushed with ice-cold avian Ringer's solution to clear them and cut into three sections, corresponding to the proximal, medial and distal regions of intestine, which were weighed again (each section separately) and immediately preserved in liquid nitrogen.
All experimental procedures were approved by the University of Wisconsin, Madison, ethics committee (permit no. RARC A-01269-4-10-06).
Intestinal enzyme assays
To test our predictions we quantified the rate of hydrolysis of maltose, sucrose and L-alanine-p-nitroanilide. Maltose hydrolysis (i.e. maltase activity) quantifies the combined activity of three intestinal brushborder membrane (BBM) enzymes against substrates of starch hydrolysis. Two of these enzymes -maltase, which hydrolyzes the disaccharide maltose, and glucoamylase, which hydrolyzes di-, triand tetra-saccharides (all with α-1,4 glucose-glucose bonds) -are coded for by the same gene complex MGAM (Quezada-Calvillo et al., 2007) . The third enzyme, isomaltase, which hydrolyzes α-1,4 and α-1,6 glucose-glucose bonds, is coded for by the gene complex SI (sucrase-isomaltase) (Quezada-Calvillo et al., 2007) . SI also codes for sucrase activity against the α-1,2 glucose-fructose bond of sucrose. Hydrolysis of L-alanine-p-nitroanilide quantifies the activity of the BBM enzyme aminopeptidase-N.
We used homogenates of intestinal tissue, which yield a measure with high repeatability of the activity of BBM enzymes. In mice, there is no significant difference between sucrase activity measured in tissue homogenates and in everted sleeves that isolate the measurement to the BBM (Lee et al., 1998) . Thus, the homogenate likely gives a good indication of BBM activity, and there does not seem to be an overestimate due to a lot of other possible intracellular sources of activity. Also, another method involving isolation of BBM vesicles may result in an underestimation of enzymatic capacity because of inefficient recovery during the isolation process (Martinez del Rio, 1990) .
Assays of intestinal digestive enzymes were performed as described in detail elsewhere (Brzęk et al., 2009) , with two modifications: (1) intestinal samples analyzed in a previous study (Brzęk et al., 2009) represented only part of each intestinal section (proximal, medial and distal), but in the present experiment we cut intestines from each section longitudinally and used one half of each section for enzyme assays (the other was preserved for other assays), resulting in better analysis of enzyme activity over the whole intestine length; and (2) in addition to maltase and aminopeptidase-N, we also analyzed sucrase activity. The sucrase assay was identical to the maltase assay described in Brzęk et al. (Brzęk et al., 2009) , except sucrose was substituted as the substrate.
We expressed mass-specific activity of enzymes in each intestinal section as micromoles of substrate processed per minute per gram of wet tissue. We then calculated the summed hydrolysis activity of the entire small intestine, which is an index of the total hydrolytic capacity, by multiplying mass-specific activity in the proximal, medial and distal intestinal regions by their respective masses, and summed over the three regions. Finally, we calculated the ratio of values found for maltase to that of aminopeptidase-N (hereafter M/A ratio) for both mass-specific and summed enzymatic activities. This ratio represents relative investment in carbohydrate-and proteindigesting enzymes and is not affected by potential differences in intestinal morphology or villus area between groups.
Data analysis
Data were analyzed by means of one-way ANOVA/ANCOVA, with diet treatment as the main factor. For organ size, initial and/or final body mass were included in the model as covariates when they were significant. Repeated-measures ANOVA was used to examine the effect of diet and intestinal position (proximal, medial, distal) on mass-specific enzyme activities. We inspected the distribution of tested variables and carried out Bartlett's and Levene's tests to check for homogeneity of variance. Mass-specific and summed activities of maltase, as well as values of the M/A ratio, were log-transformed to improve homogeneity of variance (however, non-transformed data are depicted in figures). All tests were carried out using SAS software (SAS Institute, Cary, NC, USA). In all tests, the significance level was set at P<0.05. We did not adjust our significance level for multiple comparisons, but relied mostly on the M/A ratio for interpretation of our results, which offers a single estimate of relative investment into carbohydrate and protein digestion intestinal enzymes.
RESULTS
Experimental groups did not differ in their initial body mass on day 3, the final body mass on day 12 or the size of any part of the digestive system (liver, pancreas, gizzard, intestines) or pectoral muscle measured on day 12 (for all variables, effect of diet, P>0.05).
Summed mass-specific enzyme activities
Diet treatment exerted a significant effect on the summed activities of maltase and sucrase, as well as on the M/A ratio of summed enzyme activities (Table2, Fig.2 ). For all these variables, the diet effect followed the same pattern: nestlings fed on the HS diet had higher values of studied parameters than those fed on the HL and HSL diets [least significant difference (LSD) test; for M/A ratio in HS versus HSL birds, P=0.023, for all other comparisons, P<0.005], and nestlings fed on the HSL diet had higher values than those fed on the HL diet (LSD test, P<0.002 for all comparisons). In contrast, summed activity of aminopeptidase-N was not significantly affected by dietary treatment (Table2, Fig.2C ).
Mass-specific enzyme activity in different intestine sections
Repeated-measures ANOVA revealed the presence of a highly significant interaction between diet treatment and intestinal position for mass-specific activity of maltase, sucrase and M/A ratio (Table3). Therefore, we analyzed the effect of diet separately for each section of intestine by means of one-way ANOVA (Table2), followed by LSD test to identify statistical differences between diets.
Nestlings fed on the HS diet had significantly higher values of mass-specific activities of maltase, sucrase and the M/A ratio in the proximal and medial part of the intestines than nestlings fed on the two other diets (P<0.015 for all comparisons; Table2, Fig.3 ). There was no significant difference between the HSL and HL diets for these parameters in the proximal part of the intestines (P>0.05 for all comparisons). In the medial part of the intestines, nestlings fed on the HSL diet had higher mass-specific activity of maltase (P=0.027) but not sucrase (P=0.12), as well as higher values of the M/A ratio (P=0.0006) than those fed on the HL diet. Finally, the effect of dietary manipulation in distal section of intestines was very different from that observed in the proximal and medial sections, because nestlings fed on the HSL diet showed higher mass-specific activity of both disaccharidases and values of the M/A ratio than nestlings fed on the HS or HL diets (P<0.0002 for all comparisons; Table2, Fig.3 ). Nestlings fed on the HS and HL diets did not differ in mass-specific activities of maltase and sucrase in the distal section of the intestines (P>0.5 for both comparisons), but the HS-fed group had higher M/A ratios (P=0.043).
The interaction between diet treatment and intestinal position was not significant for mass-specific activity of aminopeptidase-N (Table3). Nevertheless, we carried out separate one-way ANOVAs independently for each section of the intestines for comparison to trends observed in carbohydrases. Diet had a significant effect only in medial sections (Table2, Fig.3C ): nestlings fed on the HSL diet had lower mass-specific activity of aminopeptidase-N than HL and HS nestlings (P<0.01 for both comparisons), whereas the latter two groups did not differ (P=0.5).
DISCUSSION

Patterns of the effect of diet components on activities of intestinal enzymes
Diet composition significantly modulated the activity of intestinal carbohydrases in studied house sparrow nestlings. Summed activities of maltase and sucrase, as well as values of the M/A ratio calculated for summed activities, changed in the order HS>HSL>HL (Table2, Fig.2 ). These results confirm predictions of both the 'induction by starch' and 'inhibition by lipid' hypotheses (see Fig.1 ). However, a highly significant interaction between dietary treatment and intestinal position for mass-specific activities of disaccharidases and the M/A ratio suggests that the effect of different diet components on studied parameters changed in a proximal-to-distal gradient (Table3, Fig.3 ).
In the proximal section of the intestines, nestlings fed on the HS diet had significantly higher mass-specific activities of maltase and sucrase, and higher values of the M/A ratio than birds fed on the lipid-rich HL and HSL diets, whereas nestlings fed on the HL and HSL diets did not differ (Fig.3) . This pattern confirms the prediction of only the 'inhibition by lipid' hypothesis (see Fig.1 ). In the medial section of the intestines, mass-specific activity of maltase and values of the M/A ratio changed in the order HS>HSL>HL (Fig.3) , a pattern that confirms predictions of both tested hypotheses. However, massspecific activity of sucrase was not elevated significantly by starch in this section (Fig.3B) , and the prohibitive effect of lipid seems stronger than the effect of starch ( Fig.3A ; changes in values of the M/A ratio in the group fed on the HSL diet partly reflected changes in activity of aminopeptidase-N, cf. Fig.3C,D) . Finally, in the distal part of the intestines, the mass-specific activities of carbohydrases and values of the M/A ratio were higher in nestlings fed on the HSL diet than in those fed on the HS and HL diets (Fig.3) . As we describe below, this unexpected pattern can also be explained by both hypotheses.
The effect of diet composition on aminopeptidase-N activity was much weaker than in the case of carbohydrases, an expected result because relative changes in protein content of experimental diets were lower than for starch content (Table1). Nevertheless, the decline in mass-specific activity of aminopeptidase-N in the order
The Journal of Experimental Biology 216 (21) HL>HS>HSL (Fig.3C ) was in agreement with the decrease in dietary protein content of these diets, but we reiterate that the differences in aminopeptidase-N activity usually were nonsignificant and were not large enough to affect summed enzyme activity (see Fig.2C ). Thus, activity of aminopeptidase-N was probably weakly induced by dietary protein but did not depend on dietary lipid (HL and HSL diets with the same lipid content tended to show, respectively, the highest and lowest activity of aminopeptidase-N). Similarly, composition of dietary lipids inhibited activity of carbohydrases but not leucine aminopeptidase in piglets (Dudley et al., 1994) .
Molecular basis for observed dietary modification of intestinal enzymes
Diet can modulate activity of digestive enzymes on intestinal epithelium either by (1) non-specific effects, such as those on morphology of villi, microvilli, fluidity of cell membranes, etc., which might simultaneously affect several enzymes in the same fashion, or (2) specific effects, such as those on the rate of expression or degradation of a particular enzyme at the BBM. Because changes in mass-specific activities of carbohydrases and aminopeptidase-N in our experiment differed in both direction and magnitude (Fig.3) , we hypothesize that observed diet effects were probably mediated by site-specific changes in the rate of synthesis or degradation of carbohydrases. Studies in rodents revealed several genetic and molecular mechanisms that can be responsible for such changes (Takase and Goda, 1990; Shinohara et al., 1993; Kishi et al., 1999; Goda, 2000; Honma et al., 2007; Tanaka et al., 2008; Mochizuki et al., 2010a; Mochizuki et al., 2010b) . We cannot pinpoint the mechanisms that were responsible for dietary modulation of intestinal carbohydrase activities observed in our experiment. However, our results suggest that the relative strength of the opposite effects of dietary starch and lipid on the expression of disaccharidases changes in a proximal-to-distal gradient, as shown by significant interaction between diet composition and intestinal section (Fig.3) . Dietary manipulations often result in such regionally specific changes in enzyme activities (Karasov and Hume, 1997) . We hypothesize that the interaction between diet composition and intestinal section reflects changes in concentration of luminal nutrients caused by their gradual hydrolysis and absorption. Digestion of carbohydrates in the proximal and medial parts of intestines might be less efficient in HSL-fed than in HS-fed nestlings because activities of disaccharidases were suppressed here by high lipid content in the HSL diet. Therefore, concentration of carbohydrates in the distal section of the intestines in HSL-fed nestlings might be higher than in those fed on the HS diet. At the same time, as lipid concentration in the intestinal lumen presumably decreased gradually (in all groups) because of its digestion and absorption, its inhibitive effect on expression of disaccharidases might be weaker in the distal than in the proximal and medial sections of the intestines. As a result of these two factors, HSL-fed birds showed higher activity of maltase and sucrase in the distal part of the intestines than nestlings fed on the HS diet. However, even though HL-fed nestlings might show similar proximal-to-distal decreases in concentration of luminal lipids, a complete lack of starch in their diet did not upregulate expression of carbohydrases in the distal section of the intestines. Interestingly, a reduction in sucrase activity caused by high content of dietary corn oil may also be weakest in the distal part of rat intestines, as suggested by fig.1 in Takase and Goda (Takase and Goda, 1990) . We cannot exclude the presence of other mechanisms, such as lower susceptibility of the distal epithelium to the inhibitory effects of lipids. Moreover, we must add three caveats to our interpretation of obtained results. First, our tests assume implicitly that differences in protein content among applied diets (Table1) did not affect the activity of disaccharidases. However, observed patterns in enzyme activities do not suggest that dietary protein affects activity of disaccharidases or that dietary starch/lipid affect activity of aminopeptidase-N (cf. Figs2, 3 and Table1). Second, substrate concentration in the intestinal lumen depends not only on diet composition but also on activity of pancreatic enzymes that carry out the first steps of food hydrolysis. However, we hypothesize that activity of pancreatic enzymes may not be limiting. The human pancreas may possess an enormous, tenfold excess capacity (DiMagno et al., 1973) , which represents one of the highest safety factors observed in any biological structure [see fig.26 in Piersma and van Gils (Piersma and van Gils, 2010) ]. Whether the same holds in birds is not known, but one feature of regulation of their digestive enzymes is consistent with this pattern. We found little evidence for the presence of adaptive, diet-related modulation of pancreatic amylase in both passerine and galloanserine species (Brzęk et al., 2013) . That study included the same house sparrow nestlings that were the subject of the present experiment, and activity of their pancreatic amylase did not differ significantly across the HS and HL diets. Third, our maltase assay quantified the activity of several enzymes (see Materials and methods), and their relative roles in digestion of carbohydrates is still not fully understood even in mammals (see Quezada-Calvillo et al., 2007) . However, we think that our maltase assay offers a reliable estimate of the functional activity of all the BBM enzymes that process products of starch hydrolysis by pancreatic amylase. Moreover, because diet composition modulated both maltase activity and sucrase activity in the same way, it also seems likely that both genes that are responsible for maltase activity (MGAM and SI) were affected by diet similarly.
Finally, we do not know how different patterns of expression of intestinal disaccharidases affect digestion of starch. House sparrow nestlings fed on the HS diet tended to have better efficiency of starch assimilation than nestlings fed on the HL diet, but this effect was virtually absent in older nestlings [see fig.6A in Brzęk et al. (Brzęk et al., 2009) ]. Moreover, diet composition usually had no detectable effect on growth and development of nestlings (Brzęk et al., 2009; Brzęk et al., 2011; present study) . Thus, different summed activity and different proximal-to-distal gradients of mass-specific activity of intestinal carbohydrases have no effect on development of young sparrows, at least under laboratory conditions.
Implications for interpretation of other studies
In some studies that investigated the effect of diet composition on activity of intestinal enzymes in passerine birds, lipid content of experimental diets was kept constant (Martinez del Rio et al., 1995; Sabat et al., 1998) . Two studies on Dendroica warblers, however, used natural diets that were either rich in carbohydrates but with low lipid content (fruits), or had relatively low carbohydrate and high lipid content (insects and seeds). Diet did not affect massspecific activity of carbohydrases in yellow-rumped warblers (Afik et al., 1995) , but pine warblers fed on a fruit diet had higher activity of maltase and sucrase than birds fed on insects and seeds (Levey et al., 1999) . However, results of the present experiment show that identifying the dietary signal for the latter result is equivocal as it matches predictions of both 'induction by starch' and 'inhibition by lipids' hypotheses. Finally, adult house sparrows fed on a high lipid and low starch diet had lower activity of maltase and sucrase than birds fed on diets with low lipid and either low or high starch content (Caviedes-Vidal et al., 2000) , a pattern that supports the 'inhibition by lipid' but not the 'induction by starch' hypothesis. None of the cited studies found significant interactions between diet composition and intestinal position for activity of carbohydrases. However, we are not aware of any previous experiment that included a diet similar to the HSL diet in our study, i.e. combining high lipid with high carbohydrate content and, as we explained earlier, such a combination is particularly likely to produce complex interactions between intestinal position and mass-specific activity of the studied enzymes.
In conclusion, this is, to the best of our knowledge, the first study that has shown unequivocally that dietary carbohydrate induces activity of intestinal disaccharidases in altricial birds, although this effect is most pronounced when the level of dietary lipid is low (i.e. the effect of lipid is stronger than that of carbohydrates). However, there are some important issues that must be solved before we can generalize our findings. First, the HSL and HL diets in the present experiment were rich in highly unsaturated corn oil, which is not typical of all natural diets. In mammals, the effect of lipid on intestinal carbohydrases may depend on lipid type (Takase and Goda, 1990; Dudley et al., 1994; Yasutake et al., 1995) . Second, species may differ in their susceptibility to the effect of lipid [at least in mammals; see Dudley et al. (Dudley et al., 1994) and discussion there]. Finally, our study may explain the single outlier among studies on the effect of diet on intestinal carbohydrases in adult passerines (i.e. Levey et al., 1999) , and thus support the hypothesis about the lack of adaptive modulation of these enzymes in adult passerine birds. However, the present experiment simultaneously confirms that dietary starch induces intestinal carbohydrases in house sparrow nestlings. Thus, it is likely that at least some young passerine birds can possess developmental flexibility of intestinal carbohydrases that is lost later in life (Brzęk et al., 2010; cf. Toloza and Diamond, 1990) .
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